INTRODUCTION
The regulation of staphylococcal enterotoxin A (SEA) synthesis in a defined medium was studied using continuous culture techniques. SEA production was repressed by glucose and repression could be overcome by addition of exogenous cyclic AMP. As well as this classical catabolite repression control, addition of glucose to de-repressed steadystate cultures resulted in rapid disappearance of toxin from the medium (also mediated by loss of cyclic AMP). When the toxin dissappeared from the medium, it was taken up again by the bacteria without apparent modification. Staphylococcal food poisoning continues to be a major public health problem constituting a large proportion of reported bacterial food poisoning cases in Europe and the United States [1, 2] . The staphylococci that cause food poisoning do so because they release soluble protein enterotoxins and from different strains, seven distinct enterotoxins A, B, C1, C2, C3, D and E have been identified [3] . These staphylococcal enterotoxins (SE) are the most potent mitogens known, efficiently stimulating human T-lymphocytes at nanomolar concentrations [4] . Because outbreaks of food poisoning caused by staphylococcal contamination of food are common [1] and most frequently involve staphylococcal enterotoxin A (SEA)-producing strains [2] , there have been several studies of SEA synthesis. These experiments were largely conducted in batch cultures and indicated that toxin accumulation was apparently growth related [5] , occurring mainly dur-248 ing the exponential phase of growth [6] • These studies did not identify any particular medium component or other culture condition that specifically controlled toxin synthesis [7] , except for a repressive effect of glucose, which has also been reported for synthesis of enterotoxin B (SEB) and enterotoxins C [8] . The present work investigates SEA synthesis and location in chemostat culture using a defined medium•
MATERIALS AND METHODS

3.1• Bacterial strain and chemostat culture conditions
Staphylococcus aureus FRI, 196E (ATCC 13565) was used for this study. A chemically defined medium was employed• Its composition was (per litre): glucose, 3.6 g; biotin, 3 ~tg; thiamine, 0.5 mg; Ca-pantothenate, 0.5 mg; nicotinic acid, 0.5 mg; KH2PO 4, 1.4 g; NaH2PO4.2H2 O, 3.6 g; (NH4)2SO4, 1 g; MgSO4-7H20, 12.3 mg; MnSO 4 • 4H2 O, 2.8 mg; CuSO 4. 5H20, 0.5 mg; FeSO 4 • 7H20, 10 mg; EDTA, 27.91 mg and glutamic acid, serine, methionine, tyrosine, alanine, lysine, threonine, phenylalanine, histidine, glycine, tryptophan, isoleucine, valine, leucine, aspartic acid, arginine, proline and cysteine, each at 10 mg.
The inoculum in defined medium (7.5 ml) was introduced aseptically into a 1-1 LH fermentation vessel (L.H. Engineering Ltd., Maidenhead, Berkshire, U.K.) containing 750 ml of the same medium. Temperature was maintained at 37°C and the culture pH value was measured and controlled (pH 6.8) continuously by the automatic addition of concentrated sodium hydroxide solution (control modules from L.H. Engineering). The fermenter was aerated at 500 ml/min, stirred at 750 rpm and the concentration of dissolved oxygen in the culture was monitored using an oxygen electrode (L.H. Engineering). Foaming was controlled by the automatic addition of 0.1% polypropylene glycol.
The culture was allowed to grow as a batch culture until stationary phase, after which fresh medium was pumped into the vessel at a controlled flow rate. Steady states were verified by measurement of constant organism dry weight in successive samples after not less than four volume changes• Glucose in culture supernatants was measured using a glucose testcombination kit (Boehringer, Mannheim).
Enterotoxin detection by ELISA
SEA was measured quantitatively using a sandwich enzyme-linked immunosorbent assay (ELISA) standardized with pure SEA [9] . Microtitre plate wells were coated with rabbit polyclonal anti-SEA antibody (IgG fraction after chromatography on protein A-sepharose CL-4B) and incubated successively with samples or SEA standard, alkaline phosphatase conjugated anti-SEA antibody and chromogenic alkaline phosphatase substrate. Pure SEA was purified electrophoretically from partially purified toxin supplied by Professor M.S. Bergdoll, Department of Food Microbiology and Toxicology, University of Wisconsin at Madison U.S.A., who also supplied the polyclonal antibody.
3.3• Western blotting
For Western blot analysis, bacterial cells were lysed with lysostaphin [10] and analysed as described previously [11] . Blots were probed with anti-SEA monoclonal antibody (IgM) [9] . Amount of SEA was determined by reflectance densitometry (Joyce Loebl Chromoscan 3) calibrated from pure SEA samples (0•5-5 /~g) run on the same blot.
Radiolabelling of enterotoxin
Pure SEA (100 /xg) was radiolabelled with 500 ~tCi ~25I in 300 #1 0.1 M sodium phosphate, pH 7.4 (room temp.) in the presence of a single Iodobead (Pierce Chemical Co.). Unincorporated 125I was removed from labelled toxin by gel filtration. Radiolabelled toxin was shown to have retained antigenicity by ELISA assay.
RESULTS AND DISCUSSION
Using batch cultures we have been unable to demonstrate any striking effect of medium composition or other culture conditions on SEA production, apart from the apparent repressive effect of glucose, in common with previous work [8] .
To further investigate the effect of glucose on SEA production, we have developed a defined medium for S. aureua with or without glucose as main carbon and energy source and limited either by amino acids (Fig. 1) or magnesium (Fig. 2) . With glucose as main carbon and energy source, steady state cultures showed decreasing SEA production with increasing dilution rate (Fig. 1) . As the residual glucose in the cultures increased with dilution rate, this was consistent with a repressive effect of glucose on SEA production (Fig. 1) . To test the effect of glucose in the absence of change of growth rate of the bacteria, glucose was added simultaneously to both the chemostat vessel and the fresh medium reservoir (final concentration 40 mM) of magnesium-limited steady-state cultures (Fig. 2) . SEA disappeared from the medium when glucose was added, but no change in SEA concentration occurred when glucose was added to cultures given exogenous 5 mM cyclic AMP 20 min prior to glucose addition (also to both culture vessel and reservoir). SEA concentration did not change after addition of cyclic AMP on its own (results not shown). No measurable change in These results are superficially consistent with SEA synthesis being subject to a typical catabolite repression where glucose lowers cyclic AMP concentration preventing activation of promoter function [12] . An apparently similar catabolite repression effect has been shown to regulate the export (but not synthesis) of lipase from S. aureus [13] , where addition of dibutyryl cyclic AMP was shown to result in an induction of cellular membrane transport of the enzyme. In our experiments if repression of synthesis and/or export of SEA had been the only effect of glucose, however, SEA concentration in the medium would have been reduced, after glucose addition, at the dilution rate of the culture (following the dotted line in Fig. 2) . Very clearly the disappearance of measurable SEA from the culture medium was more rapid than this (a half-time of 10 min rather than 130 rain). Thus, 250 some other factor(s) contributed to the loss of SEA from the medium. The apparent disappearance of SEA from the culture medium could have two general explanations. First, the toxin could remain in the medium, but in a changed form that could no longer be detected by the antibody used in our assay because of extensive proteolytic destruction or because of some more selective blocking or degradation of epitopes recognized by the antibody. As the ELISA assays of the toxin in this experiment (Fig. 2) employed a polyclonal antibody, loss of ability to detect the toxin would require substantial changes of its structure. A second possible explanation is that upon addition of glucose, toxin in the culture medium was rapidly adsorbed or taken up by the bacteria. The data in Fig. 3 and Fig. 4 are consistent with this explanation, tESIlabelled pure toxin (5 #g, 5.36/~Ci) was added as a tracer to a magnesium-limited chemostat culture in steady state (D = 0.32 h-l) 20 rain prior to the addition of glucose (40 mM final concentration) to both the culture and the fresh medium reservoir. Bacteria were recovered from samples and radioactivity in the culture supernatant and the washed bacteria was determined. The radioactivity became cell-associated (Fig. 3 conclusion, when cell-free extracts of samples of the bacteria were analysed by Western blotting, accumulation of cell-associated SEA was observed (Fig. 4) . Although glucose apparently repressed synthesis of SEA, it is clear from these data that the dominant effect was to control the distribution of toxin between the medium and the bacterial cells. Growth in the presence of glucose resulted in export of very little toxin, but also, when glucose was added to derepressed cultures the toxin was rapidly scavenged from the medium. The data do not distinguish between adsorption of toxin to a bacterial surface component and true uptake into the cytosol, but the toxin clearly becomes cell-associated without major structural modification (judged by the position of the labelled bands in Fig. 4) . Although the ELISA assay with polycional antibody and the Western blot with monoclonal antibody do not give exactly comparable values (the total toxin present is apparently 20% greater from the Western blot data) the toxin present in the medium prior to glucose addition can essentially be accounted for in the bacterial fraction within an hour after glucose was added. The rate of association/uptake of 125I-toxin was slower, but this could result from some damage to the toxin molecules during iodination. Although no difference was detectable in ELISA assays comparing unlabelled and labelled samples, when we attempted to label the toxin to a higher specific activity its immuno-reactivity was decreased (data not shown).
Toxin clearance from the medium was significantly more rapid than the accumulation of toxin by the bacteria (cf. Fig. 2 and Fig. 3 ) which may indicate that the association of toxin with bacteria is a two-step process. That is, the initially absorbed toxin can be washed off whereas subsequently it is internalized or more firmly bound and retained by the bacteria during washing. It is interesting to note that SEA is synthesized as a larger-molecular-weight precursor and the mature enterotoxin is transiently associated with the cell wall before being released to the extracellular environment [14] . It is also of note that we have observed a response to addition of cyclic AMP, where others have found that only the butyryl-derivatives of cyclic AMP were effective [13, 15] . Possibly, the strain we have used (ATCC 13565) is more permeable to the natural metabolite than some other staphylococcal strains. It remains to be shown whether the effect of glucose on enterotoxin A is applicable to the other staphylococcal enterotoxins.
Two interesting consequences emerge from these data. First, during staphylococcal infection, damage to host tissue releasing excess carbon nutrients could lead to readsorption of the toxin by the bacteria, limiting tissue damage to the level required to sustain bacterial growth. Secondly, specific detection of enterotoxin could well be an unreliable method for detection of staphylococcal contamination of food stuffs, if quite heavy levels of contamination could be masked by the presence 251 of abundant carbon nutrients preventing the production and release of the toxin.
